Summary: Calcium was localized ultrastructurally with the use of the modified oxalate-pyroantimonate reaction in the CAl region of rat hippocampal slices. Ten-minute ischemia (incubation with anoxic and glucose-free me dium) followed by 30 min reoxygenation resulted in mi tochondrial calcium sequestration and ultrastructural damage. The addition of the adenosine receptor antago nist, theophylline, worsened the ischemia-induced mor- In order to simplify the experimental evaluation of the highly complex pathological process elicited in vivo by ischemia we used an in vitro approach (see also Whittingham et aI., 1984; Dong et aI., 1988 
phological changes and particularly exaggerated the Ca 2 + loading in the postsynaptic dendrites. In contrast, aden osine protected against ischemia-induced changes. The results suggest that adenosine exerts its neuroprotective action largely by maintaining intracellular calcium homeostasis. Key Words: Hippocampal slice Ischemia-Calcium-Mitochondria-Adenosine-The ophylline.
postischemic nerve cell death (Simon et aI., 1984; Siesj6 and Bengtsson, 1989) , seem to be reflected by mitochondrial Ca2+ loading. The latter may therefore be a reliable test parameter for evaluating the action of antagonizing agents and their signifi cance for neuroprotection.
In order to simplify the experimental evaluation of the highly complex pathological process elicited in vivo by ischemia we used an in vitro approach (see also Whittingham et aI., 1984; Dong et aI., 1988 (Rudolphi et aI., 1987; Dux et aI., 1990) and shortens the isch emic period which can be tolerated without subse quent Ca2 + loading and damage of nerve cells (De Leo et aI., 1988) .
METHODS
For the experiments, eight male Sprague-Dawley rats weighing 125-150 g were anesthetized with ether and the brains removed and placed in chilled artificial cerebrospi nal fluid (ACF) containing (in mmol): NaC1124, NaHC03 25.7, KH2P04 1.25, CaCl2 2.5, MgS04 2.4, KCI3.3, glu cose 10, adenosine 0.001 (normal ACF), oxygenated with carbogen (95% O2/ 5% CO2), pH 7.4. Slices (400 J.1m) from the middle part of the hippocampus were prepared from each rat, divided into five experimental groups and trans ferred into 6-ml chambers (4-5 slices in each) where they were further incubated for 40 min in normal oxygenated ACF at 32 ± O.soC. The slices were accepted if functional integrity could be confirmed electrophysiologically in one group of slices. The group of "ischemic slices" was in cubated for 10 min with glucose-free and anoxic ACF which had previously been equilibrated with 95% N2/5% CO2 for 30 min. Incubation was continued for 30 min in normal oxygenated ACF. The group of "control slices" was incubated in normal oxygenated ACF only, exchang ing the ACF every 20 min. In the other groups, theoph ylline (80 J.1M) or adenosine (30 J.1M) were given either to the normoxic control slices or to the ischemic slices 20 min before the onset of ischemia and at every change of ACF.
At the end of incubation, the oxalate/pyroantimonate reaction was performed. In order to test the influence of the fixation procedure and temperature on ultrastructure and calcium deposits, the cytochemical reaction was per formed in some preliminary experiments according to the method described earlier (Van Reempts et ai., 1982 , Dux et ai., 1987 . In the other experiments, the fixative was added to the slices stepwise, i.e., with 50% oxalate for 5 min and 100% for 1 h at 32°C, followed by a 20-h fixation in 100% oxalate solution at 4°C (see also Newman et ai., 1988) . After washing and postfixation with pyroantimo nate-containing osmium, the slices were dehydrated and embedded in Araldite. Semithin and ultrathin sections were prepared from the CAl subfield of the hippocampus at 50-J.1m depth and stained with toluidine blue or with uranyl acetate and lead citrate (see Dux et ai., 1987) . The specificity of the reaction was controlled by incubating some of the ultrathin sections with 5 mM ethyleneglycol bis(aminoethylether)tetraacetate (EOT A) for 1 h at 60°C (Diculescu et ai., 1971) . Using a Zeiss EMIO electron microscope, micrographs were taken at a magnification of 30,000 from different cellular regions of the CAl pyrami dal neurons. The calcium loading of mitochondria was determined semiquantitatively in 35 representative micro graphs per experimental group according to the grading: 0: no calcium deposits, 1: few grains, 2: several grains, often associated with ultrastructural alterations, 3: mas sive deposits and damage (see Hossmann et ai., 1985 , Dux et ai., 1987 . By averaging individual gradings, the mean mitochondrial calcium uptake index of neurons was calculated. Differences between groups were tested for statistical significance using the Wilcoxon (Mann Whitney) test.
RESULTS
All data presented here were obtained from sam ples which had been fixed stepwise by increasing the concentration of fixative at decreasing temper atures. This procedure markedly improved the ul trastructure and provided good maintenance and lo calization of calcium-containing precipitates (Fig.   1a ). The incubation with EGTA dissolved nearly all the precipitates, similarly to the results of our ear lier studies in which the calcium content of granules was further confirmed by x-ray microanalysis (Dux et aI., 1987) .
In control slices, the CAl pyramidal cells re vealed calcium-containing granules in synaptic ves icles, myelin lamellae of axons, nuclei, perikaryonal lysosomes in a few, and a limited number of mito chondria which usually showed a normal ultrastruc ture. Calcium deposits were rarely observed in the cytoplasm (Fig. 1a) . The ultrastructure of the CAl region and the localization of calcium was not changed by the addition of adenosine to norm oxic slices. However, the treatment of normoxic slices with 80-fJ-M theophylline increased the calcium up take index in the mitochondria (Table 1) Table 1 ). In addition to dark cells (excluded from the mitochondrial calcium uptake analysis), there were numerous pyramidal neurons with pale perikaryonal cytoplasm (Fig. 1b) . Moder ate swelling of the postsynaptic dendrites was also seen with some calcium-containing precipitates free in the cytoplasm. The presynaptic elements were less affected and still remained rather preserved in the presence of 80-fJ-M theophylline (Fig. Ic) . This is within the concentration range where theophyl line is reported to act primarily as an adenosine receptor blocker (Rall, 1985) . The postsynaptic den drites, however, frequently showed a pronounced swelling, complete loss of mitochondria, and mas sive free calcium deposits in the theophylline treated ischemic group (Fig. Ic) .
In contrast, pretreatment with 30-fJ-M adenosine significantly ameliorated ischemia-induced changes. The mitochondrial calcium uptake was 
DISCUSSION
In vitro ischemia performed on rat hippocampal slices led to pathological changes similar to those observed in vivo in Mongolian gerbils after bilateral carotid occlusion (Dux et aI., 1987) . However, they Transient ischemia leads in vivo to a rise of the extracellular adenosine concentration from the na nomolar range (Ballarin et aI., 1991) to -80 /-Lmol (Hagberg et aI., 1987) . The present studies show that a rise of extracellular adenosine to 30 /-LM largely prevents ischemia-induced damage in vitro.
This confirms a neuroprotective action of this nu cleoside as previously concluded from in vivo ex periments (see above) and studies on neuronal cul tures (Goldberg et aI., 1988) . In addition, our in vitro data provide some information on the pre sumed mechanism of the protective adenosine ac tion. Specifically, they show that the improvement of ultrastructure in ischemic slices by adenosine oc curs in conjunction with an antagonism of mito chondrial Ca2+ loading. This suggests that the neu roprotective effect of adenosine is achieved by maintaining the intracellular calcium homeostasis.
Previous electrophysiological experiments on nor moxic hippocampal slices have shown that adeno sine depresses the neuronal Ca2+ influx via an Al receptor-mediated mechanism (Schubert, 1988) .
Since these data were acquired from the same ex perimental in vitro model as used in the present study, it is likely that adenosine exerts its neuro protective effect to a major extent by counteracting a pathologically increased neuronal Ca2 + influx. An excessive Ca2+ influx through N-methyl-D aspartate (NMDA)-receptor-operated ion channels is thought to be responsible for the particularly high sensitivity of the postsynaptic dendrites to ischemia (for a review, see Siesjo and Bengtsson, 1989) . In terestingly, the distribution of NMDA-binding sites which are concentrated in the dendritic region of the vulnerable CA 1 neurons (Monaghan et al., 1983) closely resembles the' binding sites of Al adenosine agonists (Reddington et aI., 1982) . 
